1. Blood pressure and heart rate responses to adrenaline, noradrenaline, tyramine, 5-hydroxytryptamine and stimulation of the spinal sympathetic outflow were measured in pithed rats pretreated either with progesterone (20 mg/kg daily for 14 days) or the vehicle solution of ethyl oleate. 2. Pretreatment with progesterone increased the durations but not the magnitudes of the blood pressure and heart rate responses to adrenaline and that phase of the response to sympathetic stimulation attributable to amine release from the adrenal medulla. 3. Responses to noradrenaline, tyramine, 5-hydroxytryptamine and that phase of the response to sympathetic stimulation associated with amine release from the sympathetic nerves were not significantly different in the two groups. 4. Pyrogallol (5 mg/kg) increased the duration but not the magnitude of responses to adrenaline, noradrenaline and sympathetic stimulation in both experimental groups. The increases in duration were consistently less in animals pretreated with progesterone than in controls. 5. Pretreatment with progesterone did not affect the total amount of radioactivity nor the proportion of catechol to non-catechol metabolites excreted in the urine during a period of 7 25 h following an intraperitoneal injection of (±) isoprenaline-7-3H. 6. It is concluded that the effects of progesterone may result from a localized decrease in catechol 0-methyl transferase activity within the cardiovascular system.
Introduction
Progesterone is an effective prophylactic agent in the treatment of migraine (Singh, Singh & Singh, 1947; Greene & Dalton, 1953; Greene, 1963 ), yet its mechanism of action remains obscure (Green, 1967) . As migraine is a vascular phenomenon (Wolff, 1963) , the results from two recent reports describing the effects of progesterone on vascular reactivity in vitro are of potential interest.
On the perfused rabbit auricular artery, progesterone enhanced responses to tryptamine and 5-hydroxytryptamine, depressed those to sympathetic nerve stimu-lation and had Ino effect on responses to noradrenaline and tyramine (Fozard & Schnieden, 1970) . In contrast, on the rabbit aortic strip, progesterone enhanced vasoconstrictor responses to a variety of sympathomimetic amines, including noradrenaline and tyramine (Kalsner, 1969a) . These conflicting observations in vitro prompted the present investigation in which the effects of progesterone on a variety of cardiovascular responses have been investigated in vivo using the pithed rat preparation.
Methods

Cardiovascular experiments
Female Wistar rats of 210 260 g body weight were used. Before pretreatment, the animals were randomly allocated to either a control or a test group. Animals in the test group (mean weight 232 g) were injected intramuscularly with progesterone (20 mg/kg) daily for 14 days. Those in the control group (mean weight 233 g) received similar daily injections of the vehicle solution (ethyl oleate).
Eighteen hours after the last dose, each rat was anaesthetized with pentobarbitone, pithed and set up for femoral intravenous injection of drugs as previously described (Fozard & Leach, 1968) . Blood pressure was recorded from a common carotid artery using a Statham P23AC transducer. Heart rate was monitored using a Devices instantaneous ratemeter (Type 2750) triggered from the pulse pressure.
The sympathetic outflow of the spinal cord was stimulated by the method of Gillespie & Muir (1967) for 15 s with rectangular pulses of 80 V and 1 ms duration. Atropine (0 5 mg) and tubocurarine (0 5 mg) were given intraperitoneally immediately after the initial resting blood pressure and heart rate had been recorded.
Conduct of the experiments
Blood pressure and heart rate responses to adrenaline (0 025, 0-05, 0-1 jig), noradrenaline (0-025, 0-05, 0-1 p,g), tyramine (2-5, 5, 10 jug), 5-hydroxytryptamine (1. 2, 4 ,ug) and stimulation of the spinal sympathetic outflow (1, 3, 6 Hz) were elicited in both control and progesterone pretreated pithed rats.
The results are the pooled observations from two separate experimental series. In the first, responses to noradrenaline, tyramine, 5-hydroxytryptamine and sympathetic stimulation were examined. On the basis of the results obtained, a second series was carried out in which dose-response curves to adrenaline, noradrenaline and sympathetic stimulation, were established. In this series, the effects of an inhibitor of catechol-O-methyl transferase were observed in both the control and progesterone groups by re-establishing responses to adrenaline (0 05 ptg), noradrenaline (0 05 ,ug) and sympathetic stimulation (3 Hz) approximately 30 min after an intravenous injection of pyrogallol (5 mg/kg).
Expressioni of results
In all experiments the blood pressure responses to sympathetic stimulation were biphasic with an initial brief rise followed by a secondary more prolonged rise. The results were analysed in terms of both phases of the response.
The magnitude and duration of each pressor and heart rate response were recorded. For adrenaline, noradrenaline, tyramine, 5-hydroxytryptamine and the second 188 J. R. FozartI phase of the response to sympathetic stimulation, duration was expressed as the time for complete return to the preinjection level of blood pressure or heart rate. Because the first phase of the response to sympathetic stimulation did not return to preinjection levels, its duration was taken as the period between the end of stimulation and the onset of the second phase.
Radioactivity studies
Rats were treated with progesterone or ethyl oleate as described above. Eighteen hours after the last dose each rat was given 5 ml of distilled water by stomach tube and an intraperitoneal injection of 12'5 MtCi (109 Mg) of (±) isoprenaline-7-3H.
Urine was collected into ice-cooled tubes containing 0'5 ml of 4% di-sodium ethylenediaminetetracetic acid solution and 0'1 ml of 10% ascorbic acid solution. Urine was collected over 4'25 h and again, after administration of a further 5 ml of distilled water, over the next 3 hours. Each urine sample was diluted to 10 ml with distilled water and adjusted to pH 8-4 with 50% sodium acetate and 0'5 N sodium bicarbonate solutions.
Total urinary radioactivity was estimated by counting a 1 ml aliquot of the diluted urine. The catechol and non-catechol metabolites present in the urine were estimated by alumina column separation according to the methods of Weil-Malherbe & Bone (1952) and Kopin, Axelrod & Gordon (1961) .
The procedure for the radioassay of tritium has been described in full by Foster (1968, 1969) .
Statistical methods
All measures of variation of means quoted are standard errors. Student's t test was used to assess the significance of a difference between means.
Drugs
The following drugs were used; all doses are expressed as the free base.
Atropine sulphate (BDH), (-)-adrenaline hydrogen tartrate (BDH), (-)-noradrenaline hydrogen tartrate (Koch-Light), 5-hydroxytryptamine creatinine sulphate (KochLight), tyramine hydrochloride (Koch-Light), progesterone (BDH), tubocurarine chloride (Burroughs Wellcome).
(±)-Isoprenaline-7-3H (5'03 Ci/mmol in 0'1 N acetic acid) was supplied by the New England Nuclear Corporation and diluted with distilled water to yield a stock solution of 25 MtCi/ml in 0'025 N acetic acid.
Results
Effects of progesterone on the mean resting systolic blood pressure and heart rate of the pithed rat
The mean resting blood pressure and heart rate of seventeen control pithed rats were 52'8 + 1-8 mmHg (1 mmHg-1-333 mbar) and 202 + 8 beats/min respectively. In sixteen pithed rats pretreated with progesterone (20 mg/kg) daily for 14 days, the equivalent values were 50'9+2'1 mmHg and 204+7 beats/min, respectively. The differences were not significant. Effects of progesterone on the pressor and heart rate responses to adrenaline, noradrenaline, tyramine, 5-hydroxytryptamine and stimulation of the whole sympathetic outflow in the pithed rat In pithed rats pretreated with progesterone the duration of both the blood pressure and heart rate responses to increasing doses of adrenaline (0 025, 0 05, 0.1 ,ug) were significantly increased (Fig. la) . In contrast, the magnitudes of the pressor responses remained closely similar in both groups and the heart rate responses, although increased, were not significantly different from their equivalent controls (Fig. la) .
The cardiovascular responses to noradrenaline (0 025, 0 05, 041 ,ug) ( Fig. lb) and tyramine (2 5, 5, 10 jug) (Fig. 2a) 2-0 I e similar in both magnitude and duration in the control and progesterone pretreated groups (Fig. 2b) . The initial transient rise in blood pressure as a result of stimulating the spinal sympathetic outflow was little changed in either magnitude or duration by pretreatment of rats with progesterone (Fig. 3a) . In contrast, the secondary rise in blood pressure and the heart rate response which coincided with it, were significantly increased in duration. As with adrenaline, the magnitudes of the cardiovascular responses were not significantly different in the two groups (Fig. 3b) .
Efjects of pyrogallol on the cardiovascular responises to adrenialine, nioradrenaline anid stimulation of the spinal syinmpathetic outflow in conitrol and progesterone pretreated rats Pyrogallol (5 mg/kg) was injected intravenously after the control dose-response curves to adrenaline, noradrenaline and sympathetic stimulation had been estab- In each case there was a marked increase in the duration of the blood pressure and heart rate responses without a significant effect on the magnitude (Figs. 1 and 3) . When expressed as percentage increases over the control values, the cardiovascular response durations after pyrogallol were consistently greater in control preparations than in the progesterone pretreated animals (Fig. 4) .
Efjects of progesteronie on the urinary excretion of radioactivity after ani intraperitonieal injection of 125 1XCi of (±) isoprenaline-7-3H
The results are shown in Table 1 . No significant difference could be demonstrated between control and progesterone pretreated animals with respect to the total 725 h urine volume or the percentage of the administered dose excreted. Further, the proportion of the excreted radioactivity which could be ascribed to catechol and non-catechol metabolites of (±) isoprenaline-7-3H was closely similar in the two groups. Discussion Gillespie & Muir (1967) suggested that the initial transient rise in blood pressure resulting from stimulation of the whole spinal sympathetic outflow was due to noradrenaline release from the sympathetic nerves, and the secondary prolonged rise was due to catecholamine release from the adrenal medullae. The present experiments show a relatively specific effect of progesterone in increasing the duration, but not the magnitude, of the pressor and heart rate responses to adrenaline and of that phase of the response to sympathetic stimulation attributable to adrenal medullary catecholamine release (Figs. la and 3b ). That these are affected similarly is perhaps not surprising since rat adrenal glands contain approximately 90o% adrenaline (Burn, Hutcheon & Parker, 1950; Shepherd & West, 1951) , and would therefore be expected to release mainly adrenaline on stimulation.
In contrast, the cardiovascular effects of noradrenaline administered exogenously (Fig. lb) , or released endogenously by tyramine or nerve stimulation (Figs. 2a and  3a) , and 5-hydroxytryptamine (Fig. 2b) , did not differ significantly in the two groups. It is unlikely therefore, that progesterone produces impairment of the tissue uptake inactivation processes in the pithed rat for either noradrenaline (Muscholl, 1961; Bonaccorsi & Garattini, 1966; Pals, Fulton & Masucci, 1968) , or 5-hydroxytrypta- (Fozard, 1969) . Further, the release processes for noradrenaline either by tyramine or sympathetic stimulation were obviously unimpaired. Southgate, Grant, Pollard, Pryse-Davies & Sandler (1968) , and Grant & PryseDavies (1968) , demonstrated a dramatic increase in monoamineoxidase activity of the progesterone dominated rat and human endometrium, and speculated that similar changes might occur in other tissues. The present experiments suggest that for the rat cardiovascular system at least, this is unlikely. Changes in responses to tyramine are a sensitive indicator of changes in monoamineoxidase activity in the pithed rat (Clarke & Leach, 1968 ), yet responses to tyramine remained closely similar in the two groups (Fig. 2a) . Kalsner (1969a) suggested that certain steroids, including progesterone, potentiated catecholamine cardiovascular responses on the rabbit aortic strip by inhibiting a major inactivation mechanism, probably the enzyme catechol-O-methyl transferase (COMT). 0-methylation is the principal route for the inactivation of circulating catecholamines in the intact rat (Axelrod, Inscoe, Senoh & Witkop, 1958) , and the following evidence suggests a similar explanation may apply to the present results.
First, the duration, but not the magnitude of the response to adrenaline and the second phase of that to sympathetic stimulation was enhanced by progesterone (Figs. la and 3b) . This is in good agreement both with reports in the literature (Wylie, Archer & Arnold, 1960 ; Murnaghan & Mazurkiewicz, 1963 ; Izquierdo & Kaumann, 1963; Ross, 1963; Trendelenburg, 1965) , and the present observations with pyrogallol (Figs. la and lb, 3a and 3b), that inhibitors of COMT prolong in vivo responses to catecholamines without affecting their magnitudes.
Second, in the present experiments, progesterone induces prolongation of those cardiovascular responses mediated by adrenaline, but not those mediated by noradrenaline. It is known that a greater proportion of adrenaline than noradrenaline is 0-methylated following injection of tritiated amine in cats and dogs (Axelrod, Weil-Malherbe & Tomchick, 1959; Whitby, Axelrod & Weil-Malherbe, 1961 ).
Further, COMT inhibitors in general enhance responses to adrenaline more than noradrenaline both in vivo (Wylie et al., 1960; Ross, 1963; Trendelenburg, 1965) , and in vitro (Kalsner, 1969a and b) . Indeed, with the appropriate dose of inhibitor, increased responsiveness to adrenaline can occur without a concomitant increase in the responsiveness to noradrenaline (Wylie et al., 1960; Ryall, 1961) .
Finally, the extent of the prolongation of the pressor and heart rate responses to adrenaline, noradrenaline and sympathetic stimulation by pyrogallol was consistently less in progesterone treated animals than in the equivalent controls (Fig. 4) , suggesting a similar basic mechanism of action. Kalsner (1969a) drew similar conclusions from his experiments on the rabbit aortic strip, when pretreatment with progesterone prevented the usual enhancement of amine responses by COMT inhibitors.
In contrast, the evidence from the experiments with (±) isoprenaline-7-3H does not support the hypothesis that progesterone is inhibiting 0-methylation, since the ratio of catechol to non-catechol metabolites excreted in the urine was closely similar in both the test and the control groups (Table 1 ). In confirmation of the results of Carlsson & Waldeck (1963) , the radioactivity excreted was almost exclusively in the non-catechol form. This is prcbably the result of absorption into the portal hepatic circulation in consequence of the intraperitoneal route of administration. Although these observations indicate no difference between the ability of animals from each group to 0-methylate (±) isoprenaline-7-3H, it must be conceded that only hepatic COMT activity may have been monitored. The possibility cannot be excluded that progesterone is effecting a local decrease in COMT activity in the tissues of the cardiovascular system which would be too small to influence the overall excretion pattern of metabolites, but would be sufficient to prolong responses to adrenaline.
These results may have some relevance to the prophylactic effect of progesterone in the treatment of migraine. The migraine syndrome includes a phase of painful dilatation of extracranial blood vessels which can be relieved by drug induced vasoconstriction (Wolff, 1963) . It is tempting to speculate that the beneficial effects of progesterone might be related to the production in the cardiovascular system of a milieu conducive to the persistence of vasoconstrictor amines (Kalsner, 1969a) , particularly adrenaline (present experiments), which are inactivated by COMT.
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